Purpose: Delayed treatment of congenital hypothyroidism (CH) is a common cause of mental retardation. The aim of the present study was to evaluate intellectual outcomes in preschool children with treated CH. Methods: We retrospectively reviewed the clinical records of 43 children (age range: 13 to 60 days of life; 22 girls and 21 boys) diagnosed with CH. Children aged 5 to 7 years were examined using the Korean Wechsler Intelligence Scale for Children or the Korean Wechsler Preschool and Primary Scale of Intelligence. Results: The patients started treatment between 13 and 60 days of age. The mean intelligence quotient (IQ) of patients tested at age 5 to 7 years was 103.14±11.68 (IQ range: 76-126). None had intellectual disability (defined as an IQ <70). Twenty-one subjects were treated with a low dose (6.0-9.9 µg/kg/day) and 22 with a high dose of levothyroxine (10.0-16.0 µg/kg/day). There was no significant difference in the mean full-scale IQ (FSIQ), verbal IQ (VIQ), and performance IQ (PIQ) scores between the 2 groups. FSIQ, PIQ, and VIQ scores were not significantly correlated with initial dose of L-T4, initial fT4, age at treatment in multivariate analysis. Conclusion: IQ scores of subjects with early treated CH diagnosed through a neonatal screening test were within normal range, regardless of etiology, thyroid function, initial dose of levothyroxine, and age at start of treatment.
Introduction
Congenital hypothyroidism (CH) is one of the most common causes of preventable mental retardation, with an overall incidence of 1:3,000-1:4,000 1) . Thyroid hormone plays a critical role in normal brain development and function, so early diagnosis and appropriate L-thyroxine (L-T4) treatment is very important to the neurological prognosis in CH patients 2) . Several studies have evaluated the factors that affect the intellectual outcome in CH. Some reported that a high dose of L-T4 and rapid thyroid-stimulating hormone (TSH) normalization were associated with an improvement in the intelligence quotient (IQ) score compared with low-dose treatment, whereas others suggested that the timing of treatment was the most important factor [3] [4] [5] [6] . Maintaining a high level of T4 by administration of a high dose of L-T4 may increase the risk of craniosynostosis and neurological symptoms, and did not affect cognitive outcomes at 11 years of age 7) . We therefore aimed to evaluate intellectual outcomes in preschool children with treated CH. We also investigated the association between IQ scores and several factors influencing neurodevelopment. 
Intellectual development in preschool children with early treated congenital hypothyroidism
Min
Materials and methods

Subjects
We retrospectively reviewed the clinical data of 431 children diagnosed with CH from January 2003 to March 2015 by pediatric endocrinologists at the pediatric clinic of Ajou University Hospital. Of 431 children with CH, 43 who underwent IQ testing were included in this study (Fig. 1) . All patients fulfilled the following inclusion criteria: CH newly diagnosed by a pediatric endocrinologist, and low serum free thyroxine (fT4), triiodothyronine (T3), or abnormal TSH (>10 IU/L) levels regardless of the presence of maternal thyroid autoimmune antibodies. Children at increased risk of developmental problems such as extreme prematurity, birth asphyxia, congenital malformation, and chromosomal abnormalities such as Down syndrome were excluded. Subjects with central hypothyroidism of hypothalamic or pituitary origin were also excluded.
Study design
Children with a positive neonatal screening test were subjected to confirmatory diagnostic tests (serum fT4, T3, and TSH). All children confirmed to have CH immediately started oral L-T4. TSH and thyroid hormone concentrations were monitored every 2-4 weeks for an initial 3 months, followed by every 3-6 months.
At about 3 years of age, L-T4 was stopped. Four weeks later, thyroid function tests and thyroid imaging including ultrasonography and Tc-99m scintigraphy were performed. Imaging tests enabled identification of dysgenesis (agenesis, ectopic thyroid, and hypoplasia). If the thyroid function tests remained normal without L-T4, patients were diagnosed with transient congenital hypothyroidism (TCH), and L-T4 was no longer administered. Otherwise, they were diagnosed with permanent congenital hypothyroidism (PCH) and received continuous hormone replacement therapy. Normal or dyshormonogenesis was defined as requiring treatment reintroduction, while a normally shaped thyroid gland was verified with ultrasound or scan.
Patients with CH were examined at age 5 to 7 years with the Korean Wechsler Intelligence Scale for Children-third edition (K-WISC-III, for those 6-16 years of age) 8, 9) or the Korean Wechsler Preschool and Primary Scale of Intelligencethird edition (K-WIPSSI-III, for those 4-6 years of age) 10) . The K-WISC-III consists of a full-scale IQ (FSIQ), verbal IQ (VIQ, 6 of the subtests: information, digit span, vocabulary, arithmetic, comprehension, and similarities) and performance IQ (PIQ, 7 subtests: picture completion, picture arrangement, block design, object assembly, coding, mazes, and symbol search). IQ was classified as follows: ≤69 is extremely low, 70-79 is borderline, 80-89 is low average, 90-109 is average, 110-119 is high average, 120-129 is superior and ≥130 is very superior 11) .
Laboratory measurements
Radioimmunoassay (RIA) methods (Beckman Coulter, Fullerton, CA, USA) were used to determine serum fT4, T3, and TSH concentrations. The analytical sensitivity of RIA was 0.03 ng/dL for fT4, 16.9 ng/dL for T3, and 0.04 μIU/mL for TSH. The reference normal ranges were 0.64-1.72 ng/dL for fT4, 76.2-190.1 ng/dL for T3, and 0.15-5.00 μIU/mL for TSH. The intraassay coefficients of variation (CVs) were 3.1%-10.29% for fT4, 3.7%--5.3% for T3, and 3.0%-3.7% for TSH; the inter-assay CVs were 2.5%-7.5% for fT4, 4.4%-7.6% for T3, and 2.8%-8.6% for TSH.
Statistical analysis
The SPSS ver. 21.0 (SPSS Institute., Chicago, IL, USA) was used for statistical analyses of the data. Values were summarized as means±standard deviation (SD). For classification of clinical parameters according to initial L-T4 dose (low: 6.0-9.9 µg/ kg/day or high: 10.0-16.0 µg/kg/day) 12) , Student t-test was performed for 2 groups with normal distribution. Student t-test was also used to evaluate differences in intellectual outcomes between TCH and PCH. Pearson correlation analysis was performed to evaluate clinical variables, including gestational age, birth weight, age at diagnosis, initial dose of L-T4, initial fT4, and pretreatment TSH, that could affect the FSIQ, PIQ, and VIQ. Clinical variables and IQ scores were compared according to etiology of CH using analysis of variance with Tukey test. For any significant association with IQ score, multiple regression analysis was performed with initial dose of L-T4 (low dose and high dose group), initial fT4, and age at treatment as independent variables. Statistical significance was defined as P<0.05. Results are presented as mean±SD unless stated otherwise. 
Results
Demographics and clinical data
Of the 43 children included in this study, 22 (51.2%) were female and 21 (48.8%) were male patiens (Table 1) . Mean gestational age was 39.03±1.59 weeks (range, 36-43 weeks). Treatment with L-T4 was started after a mean of 27.3±11.1 days (range, 13-60 days) at a mean initial dose of 9.44±3.11 μg/ kg/day. K-WISC-III for intellectual outcome was performed at a mean age of 5.9 years (range, 5-7.6 years). The mean IQ score was 103.14±11.68; the mean VIQ score was 99.02±12.01 and the mean PIQ score was 104.81±15.91. An IQ score above average was measured in 38 patients (range, 90-126); 5 patients had an IQ score below 90 (range, 76-89). None had intellectual disability (defined as IQ <70).
Effects of clinical and laboratory variables on the IQ of patients with CH
Initially, 21 subjects were treated with a low dose (6.0-9.9 µg/ kg/day) and 22 were treated with a high dose (10.0-16.0 µg/ kg/day) of L-T4. Initial fT4 levels were significantly different between the low-and high-dose groups. However, at the first follow-up, TSH and serum fT4 levels were not significantly different. There was no statistically significant difference in the mean FSIQ, VIQ, and PIQ scores between the 2 groups ( Table 2) .
In this study, 31 cases started treatment prior to 4 weeks of age and 12 started treatment after 4 weeks of age. The mean FSIQ, VIQ, and PIQ scores were not significantly different between the patients who began therapy prior to 4 weeks of age and those who began therapy after 4 weeks of age (data not shown).
TCH or PCH was diagnosed in 46.5% (20 of 43) and 53.5% (23 of 43), respectively. The mean serum TSH level at diagnosis Low fT4 means that fT4 levels were lower than 0.64 ng/mL. www.e-apem.org was lower in children with TCH compared to those with PCH (33.15±22.72 µIU/mL vs. 81.82±98.24 µIU/mL, respectively, P=0.005). However, no significant differences were found in the means of all IQ scores between children with TCH and PCH (Table 3) .
Further analysis of etiology was determined by thyroid scan or ultrasound: normal or dyshormonogenesis (n=26), agenesis (n=5), hypoplasia (n=5), and ectopic (n=7). IQ scores did not differ significantly according to etiology.
Factors related to intellectual outcomes in CH children at preschool age
Pearson correlation analyses were firstly performed to investigate correlation between several factors (gestational age, birth weight, initial fT4, pretreatment TSH, age at diagnosis, and initial dose of L-T4) and each IQ scores (FSIQ, PIQ, and VIQ), respectively. Only the initial fT4 level was significantly and positively associated with the FSIQ score (r=0.287, P=0.045) ( Table 4) .
When multivariate regression analysis was performed to identify independent determinants of FSIQ, PIQ, and VIQ scores, respectively, none of initial dose of L-T4 (low dose and high dose group), initial fT4, and age at treatment was not statistically significant determinant (data not shown).
Discussion
In this study, most subjects with CH had normal neurodevelopmental outcomes, and IQ is considered not to be directly related to the clinical variables or to treatment factors based on our results. Initial fT4 level was associated with the FSIQ score, however, no independent determinants for FSIQ, PIQ, and VIQ scores was identified as a result of multivariate regression analysis. There have been a lot of studies on the intellectual outcome in congenital hypothyroidism.
After the onset of NST programs, IQ scores have been improved due to earlier detection and treatment 13) . Dimitropoulos et al. 14) reported that mean IQ scores were within the normal ranges in 63 CH patients at age of 14 years. Another study reported that IQ scores were not significantly different between CH patients and controls 7) . In Korean study, all patients with CH also had normal range of IQ scores 15) . The current treatment guidelines recommend a relatively high starting dose (10-15 µg/kg/day) to achieve rapid TSH normalization and improve intellectual outcomes 1, 16) . Although most studies suggested that a high initial dose of L-T4 resulted in greater improvements in intellectual outcomes compared to a low dose 5, 17) , conflicting results regarding the starting dose of L-T4 have been reported. Bongers-Schokking et al. 18) reported that IQ scores did not differ significantly between a low-dose (≤9.5 µg/kg/day) and high-dose group (>9.5 µg/kg/day) when treatment was started prior to 13 days of age. Moreover, a recent study suggested that overtreatment associated with high initial doses of L-T4 during the first 2 years leads to worse neurologic outcomes at 11 years of age 7) . A recent review of studies of the effects of different starting L-T4 doses on intellectual outcomes suggested that evidence is lacking on whether a high dose is more beneficial than a low dose of L-T4 in the treatment of CH 19) . In our study, intellectual outcomes were not significantly different according to initial L-T4 dose. These differences could be due to differences in sample size, study design, and intelligence test methods.
In addition to the starting dose of L-T4, several factors, such as age at onset of treatment, pretreatment TSH, and birth weight, could affect intellectual outcomes in CH 20) . In this study, univariate analyses showed a significant difference in initial fT4 according to FSIQ, but multiple regression analyses showed that initial fT4 was not independently associated with IQ scores. None of factors influencing neurodevelopment were associated with intellectual outcomes in preschool age children. Kim and Lee 15) reported that IQ scores were not significantly different in groups according to sex, etiology, or age at diagnosis in 45 Korean children with CH, similar to our study. Tillotson et al. 21) reported that subjects with serum T4 levels of less than 3.3 µg/ www.e-apem.org dL (42.8 nmol/L) had a mean IQ score 10.3 points lower than those with serum T4 levels greater than 3.3 µg/dL (42.8 nmol/ L). In a Taiwanese study, IQ scores were significantly higher in children with higher initial serum T4 levels (>2 µg/dL) at the time of diagnosis of CH compared to those in children with lower initial T4 levels (106±16 vs. 95±19, P<0.05) 22) . Additional studies found a correlation between timing of treatment initiation and intellectual outcome. Hulse 23) and MacFaul and Grant 24) showed that children with CH usually had normal growth and intelligence if treated before age 6 weeks.
This study had several limitations. The population size was small, and may not be adequate for accurate comparison of IQ scores. This was a retrospective study based on hospital charts and did not include a control group. In addition, socioeconomic status (SES) based on parental occupation and maternal education, which may affect intellectual outcomes, was not evaluated. A larger, randomized controlled clinical trial is needed to determine the optimum dose of L-T4 that improves neurologic outcomes.
In conclusion, children with early treated CH diagnosed through a neonatal screening test might have a normal range of IQ scores regardless of etiology, thyroid function, the starting dose of L-T4, or age at treatment.
